With the objective of discovering novel putative intervention sites for anticancer therapy, we compared transcriptional profiles of breast cancer, lung squamous cell cancer (LSCC), lung adenocarcinoma (LAC), and renal cell cancer (RCC). Each of these tumor types still needs improvement in medical treatment. Our intention was to search for genes not only highly expressed in the majority of patient samples but which also exhibit very low or even absence of expression in a comprehensive panel of 16 critical (vital) normal tissues. To achieve this goal, we combined two powerful technologies, PCR-based cDNA subtraction and cDNA microarrays. Seven subtractive libraries consisting of ϳ9250 clones were established and enriched for tumor-specific transcripts. These clones, together with ϳ1750 additional tumor-relevant genes, were used for cDNA microarray preparation. Hybridizations were performed using a pool of 16 critical normal tissues as a reference in all experiments. In total, we analyzed 20 samples of breast cancer, 11 of LSCC, 11 of LAC, and 8 of RCC. To select for genes with low or even no expression in normal tissues, expression profiles of 22 different normal tissues were additionally analyzed. Importantly, this tissue-wide expression profiling allowed us to eliminate genes, which exhibit also high expression in normal tissues. Similarly, expression signatures of genes, which are derived from infiltrating cells of the immune system, were eliminated as well. Cluster analysis resulted in the identification of 527 expressed sequence tags specifically up-regulated in these tumors. Gene-wise hierarchical clustering of these clones clearly separated the different tumor types with RCC exhibiting the most homogenous and LAC the most diverse expression profile. In addition to already known tumor-associated genes, the majority of identified genes have not yet been brought into context with tumorigenesis such as genes involved in bone matrix mineralization (OSN, OPN, and OSF-2) in lung, breast, and kidney cancer or genes controlling Ca 2؉ homeostasis (RCN1, CALCA, S100 protein family). EGLN3, which recently has been shown to be involved in regulation of hypoxia-inducible factor, was found to be highly up-regulated in all RCCs and in half of the LSCCs analyzed. Furthermore, 42 genes, the expression level of which correlated with the overall survival of breast cancer patients, were identified. The gene dendogram clearly separates two groups of genes, those up-regulated such as cyclin B1, TGF-␤3, B-Myb, Erg2, VCAM-1, and CD44 and those down-regulated such as MIG-6, Esp15, and CAK in patients with short survival time.
INTRODUCTION
Lung, breast, and colorectal cancer are the most common cancers in the industrial world. In 2000, Ͼ3 million people were diagnosed to suffer from one of these tumors (1) (2) (3) . Although improvements in diagnostics and therapy have reduced cancer mortality, still 65% of all cancer patients die. Prognosis for people suffering from lung cancer is particularly poor, with a mortality rate close to 90%. Two main reasons are responsible for the fact that cancer is expected to become the leading cause of death within a few years: first, cancer is a disease of multiple accumulating mutations that are becoming manifest in human populations with an increasingly prolonged life span (4) , and second, neoplastic diseases still have many unmet needs, including lack of understanding of the mechanisms underlying cancer-related deaths and the difficulty in identification of the corresponding risk factors and development of specific targeted molecular therapies. The reason thus lies within the enormous complexity of tumor formation and tumor progression on the molecular level. Many efforts to detect differential gene expression between tumor and normal tissues have discovered numerous differentially expressed genes. However, the mechanistic contribution to tumorigenesis of many of these genes is still unknown.
Because of the genetic instability-characteristic of almost all cancer types-patients suffering from superficially identical tumors show an enormous variability in their gene expression profiles (patient-specific transcription profile). To aim at a more efficient and individual therapy, it will be necessary to distinguish between patientspecific transcription profiles and the altered expression pattern underlying all tumors of the same type. Thus far, the majority of studies applying cDNA microarray technology for the detection of differences in gene expression in cancers have used randomly selected expressed sequence tags and probes derived from a specific tumor and its corresponding normal tissue (5) (6) (7) (8) (9) (10) . However, these approaches are detrimental to two essential aspects: first, a random selection of cDNAs never covers the entire subset of genes that are specifically overexpressed in cancer, e.g., genes such as differentiation antigens are very unlikely to appear in a random selection of expressed sequence tags. Second, because of missing information about expression profiles of genes in critical (vital) normal tissues, predictions whether a certain gene may serve as a potential clinical target in chemo-and/or immunotherapy are not feasible.
Because of the lack of effective therapies for many major tumor types, the medical need for improved and new approaches of cancer treatment is obvious. Searching for novel targets for tumor therapy is therefore a major goal in this field. In recent publications, the use of cDNA microarrays has been shown to be a powerful tool to detect gene expression differences in cancers (8, 9, (11) (12) (13) . The cDNA array technique has been also successfully combined with subtractive hybridization to detect tumor-specific transcripts in, for example, lung squamous cell cancer (LSCC) (14) . This approach takes advantage of a preselected set of clones that might be more representative than random expressed sequence tags.
The present work is aimed at the identification of novel putative intervention sites for anticancer therapy using a combination of subtractive hybridization and cDNA microarray technology. Importantly, we included a set of 22 samples from various normal tissues to allow discrimination between tumor-specific genes and those that are also expressed in vital normal tissues. This approach allowed us to identify genes expressed exclusively in tumors but not in a comprehensive panel of vital normal tissues, which is a prerequisite in the design of a more specific anticancer immuno-or chemotherapy with less side effects. In our experimental approach, we focused on the transcriptional profiling of lung (squamous and adeno), breast, and renal cell cancer (RCC). Seven cDNA libraries were generated by subtracting cDNA fragments derived from normal tissues or primary cell lines from corresponding tumor tissues or tumor cell lines. Subsequently, the derived tumor-enriched clone collection (ϳ9250 clones in total), together with ϳ1750 additional tumor-relevant genes, was used for the production of cDNA arrays. In extensive hybridization experiments, 50 different tumor samples were analyzed and compared with the expression profile of 22 different normal tissues. This approach allowed the selection of genes that show a significantly higher expression level in tumor tissues than in any of the analyzed normal tissues. To our knowledge, this is the first article of a tissue-wide expression profile used to increase the significance of expression data of tumor samples. Furthermore, a subset of differentially regulated genes was identified that can be correlated with poor prognosis in breast cancer patients.
MATERIALS AND METHODS
RNA Preparation and Quality Control. All tumor tissue samples were collected at the University of Vienna and the University of Graz following approval by their Institutional Review Boards and written informed consent. Tissues were snap frozen in liquid nitrogen immediately after surgical resection and stored at Ϫ80°C. For isolation of total RNA, serial cryosections were directly dissolved in 4 M guanidinium thiocyanate containing 1% ␤-mercaptoethanol, and the lysate was subjected to ultracentrifugation over a CsCl gradient (15) . The first and the last cryosections (6 m) of the biopsies were used for standard H&E staining to verify integrity and tumor cell content of analyzed tissues. Poly(A) ϩ RNA (mRNA) was extracted using the Oligotex Direct mRNA kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. mRNAs of normal tissues were purchased from Clontech (Palo Alto, CA), Invitrogen (Carlsbad, CA), and Ambion (Austin, TX). All RNAs were analyzed with the Agilent 2100 Bioanalyzer and the RNA 6000 Nano Assay kit (Agilent Technologies, Palo Alto, CA) to determine RNA quality and quantity according to the manufacturer's protocol. To test cDNA samples derived from tumor material for residual genomic DNA, PCR was performed with 0.1 g of cDNA and primers specific for an intronic region of glyceraldehyde-3-phosphate dehydrogenase (GAPDH): GAPDH intron forward: 5Ј-CGCGTCTACGAGCCTTGCGGGCT-3Ј; and GAPDH intron reverse: 5Ј-GCTTTCCTAACGGCTGCCCATTCA-3Ј. The integrity of synthesized cDNA was determined by PCR using GAPDH exon-specific primers (GAPDH exon forward: 5Ј-AAGGTGAAGGTCGGAGTCAACG-3Ј; and GAPDH exon reverse: 5Ј-GGCAGAGATGATGACCCTTTTGGC-3Ј). An aliquot of normal and tumor tissue poly(A) ϩ RNA was transcribed into Cla-oligo(dT)-primed (5Ј-ATTCGCGACTGATGATCGAT (16) -3Ј) cDNA. By linear amplification from the 3Ј-end of cDNAs with a Cla-specific primer (5Ј-ATTCGCGACT-GATGATCGAT-3Ј), the samples were analyzed for degradation of mRNA. Intact mRNA results in a heterogeneous distribution from ϳ8 to 2 kb on agarose gels.
Construction of Subtractive Libraries. All libraries were generated by suppression subtraction hybridization (SSH), using poly(A) ϩ RNA of tumor tissue or a tumor cell line as a tester, and the corresponding normal tissue or a pool of normal tissues or a primary cell line as a driver. A modified protocol of the PCR-Select cDNA Subtraction kit was used (Clontech). As a major difference to the supplier's protocol, cDNA was not digested with restriction enzyme RsaI but with a pool of six restriction enzymes (5 units each of EcoRV, NaeI, NruI, ScaI, SspI, and StuI) to increase average length of cDNAs; cDNA was first incubated 1.5 h in buffer A (Promega, Madison, WI) with NaeI and StuI. After increase of the NaCl concentration from 6 to 150 mM, cDNA was incubated for another 1.5 h at 37°C with EcoRV, NruI, ScaI, and SspI. All subsequent steps were performed according to the protocol of the PCR-Select cDNA Subtraction kit (Clontech). After DNA amplification, PCR products were cloned into pCR 2.1-TA vector (Invitrogen).
Preparation of cDNA Microarrays. In addition to clones derived from subtracted libraries, also individually chosen clones with a known or suspected role in tumor formation were used for our microarrays. Therefore, specific primers were synthesized (genXpress) for 105 expressed sequence tags found to be up-regulated in colon cancer (N. Schweifer, personal communication). The corresponding cDNA fragments were amplified from a mixture of placenta and testis cDNA as a template. PCR products corresponding to partial cDNA fragments were cloned into pGEM-T (Promega) and sequenced. Additional 1682 cancer-relevant clones were obtained from the I.M.A.G.E. consortium. In total, 11,040 clones were used for preparation of microarrays (Table  1 ). All cloned cDNA fragments were amplified by PCR, purified via ethanol precipitation in 96-well plates, and analyzed on agarose gels (16) . PCR products were spotted on poly-L-lysine-coated glass slides (Menzel, Braunschweig, Germany) by a customized robotic arrayer (Promedia Associates, New York, NY). Spotted DNA was cross-linked to the glass surface of the chips by UV irradiation (60 mJ). Chips were then blocked in blocking solution (1.37 g of succinic anhydride in 10 ml of 0.2 M sodium borate and 90 ml of N-methyl-pyrrolidinone), and double strands were denatured in boiling water.
Labeling and Hybridization. Hybridization was performed as previously described by Eisen and Brown (16) . As a reference probe in the two-color hybridizations performed, an equal mixture of 16 critical (vital) normal tissues (rectum, bone marrow, lymph node, spleen, skeletal muscle, small intestine, thymus, trachea, brain, heart, kidney, liver, lung, pancreas, spleen, stomach, and colon) was used. Briefly, 500 ng of poly(A) ϩ RNA were subjected to oligo(dT)-primed reverse transcription following the instructions of the Superscript Reverse Transcription kit (Clontech). The reaction was carried out in a final volume of 40 l at 42°C. Fluorescent nucleotides Cy5-dUTP and Cy3-dUTP (Amersham Pharmacia, Piscataway, NJ) were used at 0.1 mM. The nucleotide concentrations were 0.5 mM dGTP, dATP, dCTP and 0.2 mM dTTP. Two l of Superscript II (200 units/l; Invitrogen) were added at the beginning of the labeling reaction, and 1 additional l was added after 1 h and the reaction continued for an additional hour. Unlabeled RNA was digested using the RNase One kit (Promega) according to the manufacturer's specifications. The Cy5 and Cy3 probes were pooled and, following addition of 15 g of human Cot1 DNA (Clontech), 3 g of poly(dA) 40 -60 , and 6 g of tRNA (Sigma, St. Louis, MO), subjected to ethanol/ammonium acetate precipitation (15) . The pellet was resuspended in 10.5 l of water. Six l of 20ϫ salinesodium phosphate-EDTA, 1.5 l of 50ϫ Denhardts solution, 10.5 l of formamide, and 0.75 l of 20% SDS were added, and the probe was preincubated for 1 h at 50°C. Chips were prehybridized with 30 l of prehybridization buffer [210 l of formamide, 120 l of 20ϫ saline-sodium phosphate-EDTA, 60 l of 50ϫ Denhardts solution, 6 l of salmon sperm DNA (10 g/l), 190 l of H 2 O, and 15 l of 20% SDS] for 1 h at 50°C. For hybridization, the probe was added to the array, covered with a coverslip, and placed in a sealed chamber to prevent evaporation. After hybridization at 50°C over night, chips were washed in three solutions of decreasing ionic strength (17) . Scanning, Image Analysis, Data Filtering, and Normalization. Microarrays were scanned with an GenePix 4000A scanner (Axon Instruments, Inc., Union City, CA) at 10-m resolution. The signal was converted into 16 bits/pixel resolution, yielding a 65,536 count dynamic range. Image analysis and calculation of feature pixel intensities adjusted for local channel specific background was performed using the GenePix Pro 3.0 software (Axon Instruments, Inc.). With this software, we performed gridding, automated spot detection, manual and automated flagging, as well as background subtraction and normalization. Background-subtracted element signals were used to calculate Cy3/Cy5 ratios. Spots were excluded from additional analysis if the ratio of foreground versus background signal was Ͻ2. Each microarray was normalized by scaling according to the GenePix normalization factor such that the median of ratios value is 1. For additional evaluation and statistical analysis, output files were exported to a relational Microsoft Access database.
Statistical Analysis. All statistical analyses were performed with the software package S-Plus (Insightful, Inc.) and R. 7 Student's t test was used to select genes most differentially expressed between each two groups, with significance set at P Ͻ 0.02. Furthermore, P-chance analysis was used to eliminate false positives. Hereby, a t-statistic is assigned to each gene, and Ps (both unadjusted and adjusted according to Westfall and Young step-down 7 Internet address: http://www.r-project.org. Samples showing RNA degradation (only short transcripts in Cla-PCR), no amplification of GAPDH, or detectable genomic DNA, respectively, were not used for microarray hybridizations. ER/PR refers to the estrogen-(ER) and progesterone-(PR) receptor status of the samples. B01 to B16, odd numbers are primary tumors (AT) and even numbers are lymph node metastases (AL). In each case the poly-A ϩ RNA of normal tissues was isolated from the whole corresponding organ. The tissues were derived throughout from Caucasian donors. algorithm) are obtained by permutating the samples in place of assuming t-distributions, as described by Dudoit et al. (18) . To reduce the number of false positives (type I error), only genes with P Ͻ P-chance were selected. In addition, only genes with an absolute fold change Ͼ 1.5-fold were chosen for additional analyses. For cluster analysis, either GeneSpring (Silicon Genetics, Redwood City, CA) or Spotfire DecisionSite (Spotfire, Goeteborg, Sweden) were used as software packages.
Quantitative Real-Time PCR. Quantitative real-time PCR was performed in the presence of SYBR Green using the Lightcycler-DNA Master SYBR Green I kit from Roche (Mannheim, Germany). Comparison with housekeeping genes allows relative quantification of monitored genes in different cDNA samples. Briefly, 100 ng of mRNA were converted to cDNA in a total volume of 50 l using the Superscript Reverse Transcription kit (Clontech). One l of this mixture was used as template for PCR amplification. Thirty-five PCR cycles were performed as follows: 30 s denaturation at 94°C; 30 s annealing at 65°C; and 45 s for elongation at 72°C. All reverse transcription (RT)-PCR reactions were performed on an ABI PRISM 7700 Detector (Perkin-Elmer/ Applied Biosystems, Foster City, CA). All plates contained 60 different cDNAs, a dilution series of a plasmid for the gene of interest, and nontemplate controls. Gene-specific primers were used to amplify fragments of ϳ130 bp. All plates were done in duplicates based on which average copy numbers were calculated. Copy numbers were normalized to ␤-actin using the following primers for amplification: actin-up, 5Ј-TGTTTTCTGCGCAAGTTAGG-3Ј; and actin-do, 5Ј-GTCCACCTTCCAGCAGATGT-3Ј.
RESULTS
Histological Characterization and RNA Extraction. Before RNA preparation, tumor tissues were histologically assessed to ensure homogeneity and integrity of the tumor tissue and to confirm the histological typing of the tumor samples. Cryosections were taken and stained with H&E. The fraction of tumor cells (in most samples Ͼ 50%), residual normal tissue cells, hyperplastic cells, and infiltrating leukocytes were determined (Table 2 ). Tumor samples with massive leukocyte infiltration and large necrotic areas were excluded from additional analysis (altogether 50% of tumor samples analyzed).
For quantification and quality control, we subjected all RNA preparations to capillary electrophoresis (Bioanalyzer 2100; Agilent Technologies) and PCR analyses for potential chromosomal DNA contamination using intron-specific primers for GAPDH. Thirty percent of all RNA preparations were eliminated because of degradation (28S/18S rRNA ratio Ͻ 1.3 plus profile analysis of capillary electrophoresis) or contamination with rRNA (Ͼ10%) and/or chromosomal DNA (positive signal of GAPDH-intron-specific PCR). Additionally, each of the poly(A) ϩ preparations from individual tumor samples were analyzed for RNA degradation by performing a linear amplification of Claoligo(dT)-primed cDNA aliquots (see "Material and Methods"; Table  2 ). RNA samples meeting those stringent quality criteria are listed in Table 2 and were subsequently used for microarray experiments. Sixteen of the 20 breast cancer samples used represent pairs of primary tumors and corresponding lymph node metastases ( Table 2) .
Generation of Tumor-cDNA-Enriched Libraries. As a major improvement to conventional SSH protocols, we aimed at the generation of longer cDNA fragments for subtractive hybridization. We used a combination of six different 6-base recognizing restriction enzymes instead of an enzyme recognizing a 4-base motif, as described in the original protocol (14) . This led to an average cDNA length of 800 bp instead of a predicted average fragment size of 256 (4 4 ) bp. The efficiency of adapter ligation and suppression PCR was found to be the same when either a 4-base (RsaI) or our set of 6-base recognizing restriction enzymes were used (data not shown). As shown in Fig. 1 , our approach results in a considerable increase in the average length of cDNA fragments. A prominent band in Fig. 1 was identified by gel isolation and sequencing to be keratin 6A. This keratin 6A cDNA fragment was 850 bp long when our combination of 6-base cutters was applied, but only 580 bp when RsaI was used. Furthermore, sequencing of several hundreds of our clones revealed an average length of ϳ800 bp. The enrichment for known tumor markers such as keratin 6A (19) in the subtractive LSCC library provided evidence for successful subtractive hybridization; a high proportion of sequenced clones of this library were found to be members of the cytokeratin protein family (Table 3 ). For description of libraries and number of clones that have been used for microarray experiments, see Table 1 .
Microarray Experiments, Statistics, and Data Confidence. In total, we derived 9253 clones by SSH from seven different sources Fig. 1 . PCR products of subtractive lung squamous cell carcinoma cDNA libraries generated either by a 4-base or a pool of 6-base recognizing restriction enzymes. Lanes 1 and 4: DNA size marker (⌽ x/HaeIII ϩ /HindIII); Lane 2: subtractive library generated using a pool of 6-cutters; Lane 3: subtractive library generated using the 4-cutter RsaI; arrows indicate the respective position for keratin 6A cDNA fragment. Fig. 2 . Histogram of the distribution of coefficients of variation (CV). Data are from a hybridization that was repeated four times under the same conditions. Only spots with valid signals in each of the four hybridizations (71%) were included for calculation. Ninety-five percent of all spots have CVs smaller than 37%, Ͼ99% of all spots displayed CVs of Ͻ57%. and 105 clones by RT-PCR cloning of individual genes, which had been shown previously to be at least 6-fold up-regulated in colon tumors; 1682 sequence-verified and tumor-relevant genes were obtained from the I.M.A.G.E. consortium (Table 1) . cDNA microarrays were produced from these 11,040 clones by robotic arraying onto poly-L-lysine-coated glass slides. Fifty selected tumor samples [11 lung adenocarcinomas (LACs), 11 LSCCs, 20 breast carcinomas, and 8 RCCs], 16 critical (vital) normal tissues (rectum, bone marrow, lymph node, skeletal muscle, small intestine, thymus, trachea, brain, heart, kidney, liver, lung, pancreas, spleen, stomach, and colon) and 6 noncritical normal tissues (uterus, breast, prostate, fetal brain, fetal lung, and placenta) were analyzed. As a reference probe in the two-color hybridizations performed, an equal mixture of the 16 critical normal tissues was used. Fluorescence scanning and image analysis resulted in ratios of Cy3/Cy5 intensities that were used for additional analyses.
For comparison of individual hybridizations with each other, data were normalized before data mining. As our chips comprised 11,040 clones of nine different sources (Table 1) , we regarded our clone collection to be sufficiently diverse and balanced. Accordingly, we applied a global normalization on our data to balance total intensities of Cy3 (red) and Cy5 (green) fluorescence by a linear transformation. By this procedure, ratios were divided with a ratio of global Cy3/Cy5 intensities of each chip.
We next performed statistical analysis on the confidence and extent of variation of our data (Fig. 2) . For that purpose, one hybridization was repeated four times under the same conditions. More than 95% of all spots displayed coefficients of variation (coefficient of variation ϭ SD in percentage of average) smaller than 37%, whereas Ͼ99% of all spots displayed coefficient of variations of Ͻ57%. Thus, with a probability of 99%, any Cy3/Cy5 ratio determined has a maximum error of 57%. Therefore, 2-fold changes are statistically significant for Ͼ99% of all spots. Values with higher intensities are more reliable, indicated by a smaller coefficient of variation (data not shown). Accordingly, spots that did not show intensities at least 2-fold higher than the background were excluded from subsequent analyses.
Cluster Analysis. On the basis of normalized and prefiltered data, we first determined N max for each gene, i.e., the highest expression value in any of the 16 critical normal tissues. All normalized expression values of the 11,040 genes in 22 normal tissues and 50 tumor samples are listed in Supplemental Data, Table 1 . Subsequently, all genes were selected that showed at least 2-fold higher expression in at least 20% of samples of any tumor type compared to N max . Applying these restrictive criteria resulted in a list of 527 clones representing 130 different genes, 116 of which coded for proteins of known functions (summarized in Table 3 ).
Gene-wise hierarchical clustering of these 527 clones clearly separated the different tumor types (Fig. 3) . This was not necessarily to be expected because these 527 clones were selected based on differential expression between tumors and normal tissues but not on differential expression between different tumor types. However, the extent of similarity of tumors from the same tissue of origin varied strongly (Fig. 3) . All 8 RCCs showed nearly identical expression profiles, whereas expression profiles of LACs were remarkably variable among different patients. Sample-wise clustering confirmed these data, as RCCs again clustered together most closely (data not shown).
Additional analysis of the 527 clones (Table 3 ) revealed that at least half of the clones selected as up-regulated in a given tumor type were derived from the corresponding subtractive library (Fig.  4) ; for example, 96% of the most highly up-regulated genes in LSCC have been derived from the library based on subtraction of normal tissues from LSCC tissues. A very similar situation is found with the differentially regulated genes in LAC and RCC; Ͼ50% of these genes are derived from their corresponding subtractive libraries (Fig. 4 ). These data demonstrate the specificity of the subtractive libraries and underscore that the combination of subtractive hybridization and cDNA microarray technology is a highly efficient way to identify differences in gene expression profiles. Furthermore, each clone of a given subtractive library is representative of the tumor tissue where it is derived from.
Quantitative Real-Time PCR. To verify the results of microarray experiments, real-time PCR experiments were performed. Sixty of the total 72 RNA samples were subjected to reverse transcription and subsequent quantification in real-time PCR. ␤-Actin was used as a reference because it exhibits the most constant expression level in all our tissues analyzed with microarrays. Fig. 5 shows a side-by-side comparison of expression levels measured by micorarray analysis and real-time PCR for EGL nine homologue 3 (EGLN3), a gene that was found to be highly up-regulated in all RCCs. Real-time PCR and microarray analyses show nearly identical expression patterns. No significant expression ("flagged spots") in microarray experiments (absent bars in Fig. 5A ) correlate well with absence or low expression levels in real-time PCR (Fig. 5B) . Overexpression of EGLN3 in RCCs was also confirmed by immunohistochemistry (20) . Four additional genes, NDGR1, OSF-2, TP73L, and NAT1 were verified in the same way, all exhibiting high agreement between microarray and real-time PCR results. Linear regression analysis revealed R 2 values of 0.64 (EGLN3), 0.69 (NDGR1), 0.61 (OSF-2), 0.87 (TP73L), and 0.67 (NAT1).
Thus far, two splice variants have been demonstrated for EGLN3 (formerly described as 9D7), which recently has been shown to be involved in the regulation of the hypoxia-inducible factor (20, 21) . By RT-PCR studies using RNA samples derived from normal tissues and tumor samples, we demonstrated that the shorter splice variant is dominant over the longer one in all tissues. In addition, the shorter splice variant is up-regulated in all RCCs and half of LSCCs (data not shown).
Survival Correlation. Sixteen of our breast cancer samples represent 8 pairs of primary tumors and lymph node metastases. Three patients succumbed to their disease within 3 years after diagnosis, and 4 patients were still alive at least 9 years after diagnosis. This allowed us to classify the patients into two groups and apply a statistical filter criterion to select the genes that are most significantly correlated with overall survival. One patient had an overall survival of 7 years and was not included in this analysis.
Starting with the expression values from the complete set of 11,040 clones, this approach resulted in a list of 45 clones that correlated best with the overall survival, corresponding to 42 genes; 3 genes were represented twice (Fig. 6) . We next subjected the expression profile of these 42 genes to two distinct unsupervised cluster methods, hierarchical clustering (Fig. 6) , and principal component analysis (data not shown). Both methods were able to correctly separate the samples into two distinct groups. Furthermore, the gene dendogram clearly separates two groups of genes: those overexpressed in patients with short survival time and those down-regulated in patients with short survival. The former group includes cyclin B1, TGF-␤3, the transcription factors Erg2 and B-Myb, and the cell adhesion molecules VCAM-1 and CD44, whereas genes down-regulated in patients with short survival include MIG-6, Eps15, and CAK.
DISCUSSION
Generation of a Large, Extensively Sequenced Clone Collection of Tumor-Specific Genes Optimized for cDNA Microarray Production. We have combined two powerful gene expression profiling technologies, SSH and cDNA microarrays, for analysis of differential gene expression in human tumors. A combination of subtractive cDNA cloning and cDNA microarrays has previously been successfully used for the rapid identification of differentially expressed genes in estrogen receptor-positive and -negative breast cancer cell lines (22) in human prostate cancer (23), LSCC (24), Fig. 4 . Distribution of clones among subtractive libraries. The 100 most up-regulated clones for lung-squamous cell carcinoma (SCC), lung-adenocarcinoma (AC), and renal cell cancer (RCC), respectively, were analyzed with reference to their origin from the different subtractive libraries (for description of libraries, see Table 1 ), e.g., 96% of the most up-regulated clones in lung-SCC were derived from the lung-SCC subtractive library (C-Library).
and in Ewing's sarcoma (25) . In each case, the use of microarrays to screen the cDNA clones isolated by subtraction cloning resulted in an exceptionally high fraction of differentially expressed cDNA clones present on the arrays and allowed the identification of previously unknown genes. In each of these studies, a clone collection of several hundred cDNAs has been generated from an individual type of tumor or cell line, as appropriate to each question addressed. As a major advance, in the present study, we have assembled a large collection of ϳ9250 clones from seven subtractive cDNA libraries derived from four different tissues of origin ( Table 1) . As the majority of cDNA clones were exclusively derived by subtractive gene cloning of tumor versus normal, the library has been significantly enriched for tumor-specific gene expression. Because of its large size and diverse and balanced sources, it seems likely that most genes expressed in the tumor entities analyzed here are represented in this cDNA clone collection. To our knowledge, this clone collection is the largest one derived by subtraction cloning published to date and one of the largest human tumor-specific cDNA libraries available. For the production of cDNA microarrays, we have further added 1682 individually selected I.M.A.G.E. clones with a known or suspected role in tumor formation, as well as 105 individually cloned genes previously found to be at least 6-fold up-regulated in colon cancer versus normal colon (N. Schweifer, personal communication).
For the preparation of our subtractive libraries, we have developed and applied a protocol for the generation of cDNA fragments with increased size. When following the original protocol relying on a restriction enzyme recognizing only a 4-base motif such as RsaI (14), we have observed a high percentage of fragments to be smaller than 50 bp. Accordingly, we have used a set of 6-base recognizing restriction enzymes, 3 with A/T-rich (primarily found at the 3Ј-end of eukaryotic cDNAs) and 3 with G/C-rich recognition sequences (characteristic for 5Ј-termini of eukaryotic genes). As shown in Fig. 1 , our approach resulted in a considerable shift toward longer cDNA fragments; sequence analysis of several thousands of clones revealed an increase in average length to ϳ800 bp. Such longer cDNA fragments are more favorable for cDNA microarrays (26): they warrant efficient hybridization; minimize cross-hybridization (a problem often observed with short probes); and facilitate annotation after sequencing. Furthermore, our cDNA fragments typically are of sufficient length to be directly used in follow-up studies, e.g., involving translation of portions of the respective gene, circumventing the tedious recloning of longer cDNA fragments of the genes of interest.
Quality Control of RNA Samples and cDNA Microarrays. Intermingled nontumor cells, particularly residual normal cells and infiltrating leukocytes, may heavily interfere with tumor-specific transcription profiles. Therefore, tissue specimen were characterized before RNA isolation. Cryosections were taken to ensure integrity of tumor tissue, to confirm histological typing of tumor samples, and to assess the percentage of tumor cells, residual normal cells, hyperplastic cells, necrotic areas, and infiltrating leukocytes ( Table 2) . On the basis of these criteria, only 50% of tumor samples were used for RNA isolation. Next, RNA preparations were subjected to capillary electrophoresis (Bioanalyzer) for quality control and quantification, being more accurate than standard photometric assays, particularly for low amounts of mRNA. On the basis of these studies together with data derived from PCR analyses, an additional 30% of RNA preparations was excluded from further analysis due to inadequate RNA quality or due to the presence of chromosomal DNA contamination, as determined by PCR analysis. We consider this stringent selection procedure as essential because it directly influences hybridization efficiency, reproducibility, and statistical analyses of the results.
To confirm the results of our microarray experiments with an independent method, 5 randomly chosen genes (N-myc downstream regulated, OSF-2, TP73L, EGLN3, and NAT1; Table 3 ) were subjected to real-time RT-PCR. The expression levels quantified by real-time RT-PCR highly correlated with those determined by our cDNA chip analysis, confirming the reliability of our microarray experiments (Fig. 5) . In these analyses, we used ␤-actin as a reference gene because it was the gene with the least fluctuation in our samples according to the chip data. In contrast, GAPDH (frequently used for normalization) was found to be much higher expressed in the liver than in any other tissue.
Tissue-Wide Expression Profiling. In contrast to most, if not all, previously reported gene expression profiling studies of human cancer, we compared the expression profiles of representative tumor samples to those of 16 different critical normal tissues, including all normal tissues corresponding to the tumor samples analyzed (tissuewide expression profile). Accordingly, we used a mRNA-pool of 16 critical normal tissues as a reference probe. In addition, we performed hybridization experiments not only with tumor samples but also Fig. 6 . Gene expression correlates with long or short overall survival of breast cancer patients. The table lists 42 genes with an expression profile most highly associated with the two survival groups (Ͼ9 versus Ͻ3 years), as selected by Student's t test (significance, P Ͻ 0.02), accompanied by P-chance analysis, as described in "Materials and Methods," to eliminate false positives. Only genes with P Ͻ P-chance were selected. Expression values of the listed genes, up-regulated or down-regulated in low or high survivors, respectively, are visualized as heatmap obtained by hierarchical clustering of genes and samples.
individually with each of the 16 critical normal tissues of the reference pool plus 6 noncritical normal tissues.
Application of restrictive criteria for gene selection resulted in characteristic differences of transcription profiles to those reported previously for solid tumors of the breast, lung, and kidney. For example, because of the extensive comparison to multiple normal tissues, we could eliminate expression signatures derived from infiltrating cells of the immune system such as immunoglobulin genes (B cells), T-cell receptor, CD3D (T cells), or lysozyme and chitinase 1 (macrophages/monocytes) from our list of tumorspecific genes (Table 3 ). All those genes have been included as up-regulated in tumors in previous transcriptional profiling studies, e.g., for breast cancer (5) .
Importantly, this tissue-wide expression profiling approach allows us to identify those genes up-regulated in specific tumors with no or low expression in all 16 critical normal tissues tested, which is important for the development of a chemotherapy with less severe or no side effects and which is an absolute prerequisite for immune therapy. The latter approach aims at the induction of a systemic immune response against a tumor-specific/associated antigen (TAA) and-if the TAA is not exclusively expressed in tumors but also in critical normal tissues-may also lead to a destructive autoimmune response generating severe side effects (27, 28) . For example, we found prostaglandin D synthetase to be slightly up-regulated in breast cancer but most prominently expressed in several vital tissues such as heart (8.6-fold higher than the reference pool) and brain (6.2-fold higher). The nonreceptor tyrosine kinase Etk/Bmx, which was found to be up-regulated ϳ3-fold in some of the LAC and LSCC samples, has been reported to play an important role for prostate cancer progression and has been suggested as a novel target for chemotherapy in prostate cancer (29) . However, our tissue wide expression profiling revealed a strong expression in heart, kidney, and skeletal muscle (6.1-, 5-, and 3-fold higher than in the reference pool, respectively), indicating that severe side effects would have to be expected upon use of Etk/Bmx as a novel therapeutic intervention site. Another example is apolipoprotein D, which has been correlated with malignant transformation and poor prognosis in prostate cancer patients (30, 31) . Our study revealed overexpression of apolipoprotein D only in breast cancer samples derived from patients with Ͼ9 year overall survival. Again, we found strong expression in several critical normal tissues such as brain, heart, and trachea (6.8-, 4.9-, and 3.5-fold higher than the reference probe).
Identification of Tumor Type-Specific Genes. We also identified genes overexpressed in ϳ100% of a specific cancer type such as vascular endothelial growth factor or insulin-like growth factor binding protein 3 in RCC. Other genes were found to be upregulated only in a subset of a given tumor type such as stromelysin 3 or thrombospondin 2 in breast cancer. All those selected genes exhibit at least a 2-fold up-regulation in at least 20% of samples of any tumor type compared with the highest expression value in any of the 16 critical normal tissues, which makes them promising putative targets in an anticancer therapy (Table 3) . Among the selected candidate genes, we identified a number of genes that have been previously described as tumor markers, e.g., pronapsin A, a gene specifically up-regulated in LAC but absent in LSCC (32) or NAT-1, which is involved in detoxification and used as a potential breast cancer marker (33) .
Carcinogenesis and Genes Involved in Ca 2؉ Homeostasis and Bone Matrix Mineralization. Serial analysis of gene expression analysis of differentially expressed genes in non-small cell lung cancer (34) and a comparable study of LSCC (24) identified genes that overlap with many genes found in our study such as (a) tissuespecific genes such as keratin 6 isoforms, other cytokeratins that have been documented as potential markers for lung cancer, pemphigus vulgaris antigen, and annexin, (b) tumor-specific genes such as parathyroid hormone-related peptide (PTHrP/PTHLH), which causes humoral hypercalcaemia associated with malignant tumors such as leukemia, RCC, prostate, and breast cancer, and LSCC (35) . Importantly, we have identified several differentially regulated genes that are known to be involved in Ca 2ϩ homeostasis; for example, RCN1, CALCA, and S100 proteins such as S100A10 and S100A11, a subgroup of the EF-hand Ca 2ϩ -binding protein family (Table 3 ). In metastatic cell lines, an altered intracellular localization has been demonstrated, supporting the hypothesis that S100 proteins might play a crucial role in the regulation of Ca 2ϩ homeostasis in cancer cells (36) . For example, S100A2 was found to be highly up-regulated in ovarian cancer together with other members of the S100 protein family (37) , whereas an increase of S100A6 expression correlates with an increased malignancy in colon tumors (38) . Although a more detailed analysis on the expression profile of members of the S100 protein family in tumors of different origin is needed, this protein class provides promising intervention sites for novel therapeutic strategies.
Together with genes involved in Ca 2ϩ homeostasis, we identified genes in breast but also in lung cancer and RCC involved in bone matrix mineralization such as osteonectin (SPARC), osteopontin (SPP1), and OSF-2 (Table 3 ). Although we have not included osteoclasts and osteoblasts in our panel of normal tissues, the observation that specific tumor types not originating from bone express higher levels of these genes than 16 critical normal tissues is intriguing. Noteworthy, the skeleton is the preferred target of metastatic human breast cancer cells. Bone metastases are indeed found in virtually all advanced breast cancer patients. The high osteotropism of breast cancer cells suggests that they exhibit a selective affinity for mineralized tissues. Mammary malignant cells are able to induce hydroxyapatite crystal deposition within the primary tumor supporting the hypothesis that they can generate a microenvironment that favors the crystallization of calcium and phosphate ions into the bone-specific hydroxyapatite. The ectopic expression of bone matrix proteins in breast cancer could be involved in conferring osteotropic properties to circulating metastatic breast cancer cells and opens the possibility for therapeutic interference with microcalcification during the homing process of metastatic breast cancer cells (39) . Interestingly, the osteoclast differentiation/activation factor osteoprotegerin-ligand has been shown to be essential for normal mammary gland development and to be responsible for calcium release from the skeleton required for transmission of maternal calcium to neonates in mammalians (40) . Therefore, normal cells of the mammary gland may already exhibit some properties of bone remodeling cells, a function that might be recruited/activated in breast tumor cells as well.
Gene Expression Profiles Predicting the Overall Survival of Breast Cancer Patients. We have used tumors of lymph nodepositive breast cancer patients with known clinical outcome to determine gene expression signatures predictive of long or short overall survival. Although we have analyzed only a small number of patients, our results led to the identification of novel potential diagnostic marker genes. Furthermore, when taken together with other array studies, our findings highlight the consistent associations of gene expression profiles with clinical outcome (41) (42) (43) (44) . Several genes found to be overexpressed in patients with short survival (Fig. 6 ) have already been discussed in the context of breast cancer such as TGF-␤3, VCAM-1, CD44, thyroid hormone receptor, and cyclin B1 (45) (46) (47) (48) (49) (50) , whereas others have not such as ERG2, B-Myb, MTH1, and NET-1. Genes down-regulated relative to normal tissues in patients with short survival are, for example, MIG-6, Eps15, and APLP2.
Interestingly, both MIG-6 and Eps15 are negative regulators of signaling via the epidermal growth factor receptor, a positive key regulator of breast tumorigenesis (51, 52) .
Recently, van 't Veer et al. (41) reported on a set of 70 genes with an expression pattern by which breast cancer patients could be classified into those with a poor prognosis and those with a good prognosis with high accuracy. Although these 70 prognostic genes are largely nonidentical to the 42 genes identified by us, many of them are functionally closely related and are involved, e.g., in cell cycle regulation, invasion and metastasis, angiogenesis, and signal transduction. Moreover, despite considerable differences in patient populations and technology platforms used, the study reported here independently arrives at the same general conclusions as van 't Veer et al. (41) and van de Vijver et al. (42) Apparently, the ability to metastasize to distant sites, which eventually determines the overall survival, is acquired relatively early during multistep tumorigenesis and thus can be diagnosed in the primary tumor several years before these metastases become manifest (42, 43) . This ability to form hematogeneous (distant) metastases appears to be largely independent of the presence or absence of lymph node metastases. All patients analyzed in the present study had lymph node metastases at the time of diagnosis; nevertheless, 4 of them remained free of distant metastases and disease relapse for at least 9 years of follow-up.
An important clinical question concerns whether prognosis profiling is equally useful for all patients with breast cancer or whether it is limited to the specific subgroup(s) of patients for whom it has already been demonstrated (44) . The fact that despite considerable differences in study design, the results reported here support the major conclusions of van 't Veer et al. (41) and van de Vijver et al. (42) provides supporting evidence that an accurate prediction of clinical outcome based on gene expression profiling could be generally applicable to all breast cancer patients.
In summary, a modified PCR-based cDNA subtraction method allowed the establishment of seven SSH cDNA libraries that subsequently were used for the preparation of cDNA microarrays. Together with 50 samples derived from lung, breast, or renal cell cancer tissues, a panel of 22 samples from normal tissues was hybridized. This detailed tissue-wide expression profiling led to the identification of 130 individual tumor-specific transcripts (527 clones) showing no or very low expression in 16 vital normal tissues. Gene-wise hierarchical clustering of these 130 genes clearly separated the different tumor types. The majority of the identified genes have not yet been brought into context with tumorigenesis such as genes involved in bone matrix mineralization or genes controlling calcium homeostasis (RCN1, CALCA, and S100 protein family). Forty-two genes were identified that significantly correlated with the overall survival of breast cancer patients, genes up-regulated in tumors of patients with a poor prognosis such as cyclin B1, TGF-␤3, B-Myb, and Erg2, and genes down-regulated such as MIG-6, Esp15, and CAK.
